Abstract -This article reports on a finite element analysis assisted optimisation strategy for a moving iron, transverse flux, short stroke linear generator for free-piston Stirling engine applications. The optimisation goal is to maximise the powerto-weight ratio while maintaining preset power and efficiency levels. The topology and the implementation of the optimisation strategy are described, followed by results for and a discussion of a 3 kW version.
that this topology offers that deemed it necessary to fully investigate this topology. Easy manufacturability, compared to other tubular linear generators, and robustness are considered as some of the advantages. One further important advantage that this topology offers, along with some other TF linear generators, is the fairly linear relationship of the flux linkage with respect to displacement [2] . With sinusoidal reciprocation of the mover it follows that the output voltage will be sinusoidal. In contrast, in many linear generator topologies the flux linkage is a sinusoidal function of displacement and along with sinusoidal reciprocation leads to a non-sinusoidal output voltage waveform.
This article reports on the investigation aimed at geometric optimisation of the moving iron topology as described by Boldea et al. [2] , with the goal to maximise the power-to-weight ratio while maintaining the output power and efficiency at preset levels. A further purpose of the approach reported here is to be able to apply this optimisation technique to other transverse flux generator topologies as well. The optimisation is assisted by 3D finite element analysis (FEA) using the commercial package MagNet® from Infolytica to improve the accuracy of results when compared to analytical modelling.
II. TRANSVERSE FLUX LINEAR GENERATOR TOPOLOGY
A 2D representation of one quarter of the transverse flux linear generator showing the various dimensions that describe the topology is shown in Fig. 1 . The description of the dimensions shown in Fig. 1 is listed in Table 1. A 3D representation with one quarter cut-out is also included in Fig. 9 in the Appendix, showing a four pole variation of the topology, i.e. with two sets of magnet pole pairs and two mover segments. A 2D representation showing the main flux path is also included in Fig. 11 in the Appendix. The two oppositely polarised magnets per pole pair of the generator are axially spaced as shown in Fig. 9 in the Appendix, one with north towards the inner diameter of the magnets and one with north towards the outer diameter of the magnets. The magnet polarisation is reversed at each adjacent spoke as is shown in Fig. 11 in the Appendix.
III. OPTIMISATION PROCESS
The problems related to the analytical model and the subsequent decision to use 3D FEA has been briefly discussed above. In this section, the implementation of the FEA assisted optimisation strategy will be discussed.
The r-algorithm (ralg) solver from the open source optimisation framework OpenOpt implemented in the open source scripting language Python was chosen as the optimisation algorithm. Kappel et al. [4] discusses an implementation of this algorithm, originally developed by N.Z. Shor. The r-algorithm solver is suitable for medium scaled, non-linear problems with various different constraints and can reportedly handle ill-conditioned, piecewise linear and polynomial, non-smooth and noisy problems rather good. The solver can handle user-provided first derivates for the cost function and constraint functions, or may approximate these by finite differences approximation. Fig. 3 shows a high-level block diagram representation of the OpenOpt optimisation framework. The optimisation algorithm is provided with initial values for the parameter vector as indicated by X(0). The parameters are then optimised iteratively using the cost function which returns the mass m, while continuously evaluating the constraint functions which return the constraint evaluations, indicated by c 1 to c N , to ensure an optimal solution within the given constraints. The total mass m, consisting of the stator mass and that of the mover segments, is calculated using the xy-plane surface areas and the length of the generator in the case of the stator or length of the mover segments in the case of the movers together with the density of the steel.
Various other optimisation scenarios are also possible, e.g. it is possible to add the mass of the magnets and coils to that of the stator and mover and to weight these by their monetary cost to optimised cost of manufacturing.
Several constraint functions are used to ensure that the final generator design adhere to design specifications. The constraints may be categorised into two categories, namely dimensional constraints and performance constraints. The dimensional constraints help to ensure the integrity of the dimensions in the MagNet environment, while the performance constraints help to ensure that generator specifications are adhered to. The various performance constraints are listed below:
• Power:
Eff ≥ Eff min .
• Flux density:
B ≤ B max at 3 locations, namely in the stator back wall, in the mover segments and in the spokes.
• Current density in coil:
J ≤ J max .
To determine the various performance parameters above, finite element analysis is necessary. The relevant constraint functions therefore firstly perform a finite element analysis by passing the dimensions and other parameters to MagNet. Results indicated as R are obtained from MagNet and are processed to determine the relevant constraint value. The generator is drawn and simulated in MagNet via a Visual Basic (VB) script using the win32com interface. The setup and initialisation of the simulation and post-processing of results gained from the FE simulation in MagNet is done in Python. There was difficulty establishing a win32com interface directly between Python and MagNet and this led to the use of VB as a communication medium between the Python scripts and the MagNet simulations.
The parameter vector X and other geometric parameters are passed to VB using a text file. Python executes the VB script by calling an executable file generated by VB. VB then initializes the win32com interface to MagNet and sets up all the necessary settings for the mesh, position vector for the mover, etc. after drawing the generator. If the geometric model needs alterations or one would like to optimise another topology the necessary changes would be made in VB.
Two simulations are performed in the MagNet FE package. The first simulation is done where the mover is shifted over 10 steps from one end to the other with current values in the coil to represent a sinusoidal current in the time domain. The derivative of the flux linkage at each step was calculated using splines that produced accurate voltage levels at each step. Verification using more steps showed that no significant improvement in the accuracy was achieved. What did improve accuracy considerably however was to ensure that the flux linkage is calculated accurately at each step.
The second simulation is performed without current and with the mover at only one position, namely at half a stroke length.
The purpose of the two simulations is to determine the inductance of the coil by obtaining the difference in flux linkage due to the current flowing in the coil. The inductance may then be calculated using
This approach to calculate the inductance was found viable, since low levels of flux density is achieved in the iron, with effectively no saturation occurring. 1 An incremental approach was also evaluated, but was found unnecessary for this particular case, since the same level of accuracy was obtained. It is expected that if iron saturation becomes more pronounced, that the incremental approach would yield more accurate results.
VB then retrieves the simulation results from MagNet and writes it in a text file that allows the Python script to access the results and to perform post processing.
Since only one quarter of the generator is simulated, the power, mass, total inductance, total resistance and simulated output voltage need to be scaled accordingly.
Several restrictions have been placed on the dimensions to simplify the optimisation process. The dimensions w c and l c define the copper area and are calculated to utilise as much of the area around the pole as is available for the copper winding, while maintaining easy manufacturability. There is also a restriction placed on the mover arc cut-out centre distance A ccd to have the same y-coordinate as the corner of the mover at the air gap, indicated by the dashed straight line in Fig. 1 . The air gap was chosen to be 1 mm. The dimensions in the z-direction (not shown in the 2D representation of Fig. 1 ) were chosen as constant and were not part of the optimisation process. The inner radius of the 1 See Table 3 in section V for values of flux density. magnet r is can be derived using some of the other dimensions listed in Table 1 .
The dimensional parameters used in the optimisation algorithm are therefore dimensions 1 to 6 as listed in Table  1 . Two additional parameters are added to the parameter vector X, namely the RMS value of the sinusoidal current in the winding as well as the phase of the current waveform. Dimensions like w c and l c could be added to the parameter vector X to allow more freedom and to possibly improve the outcome of the optimisation process in future.
IV. PERFORMANCE CALCULATIONS
A simplified electrical model that describes the generator is shown in Fig. 4 . 
where the resultant flux linkage is obtained from finite element analysis as described previously. The voltage v t is calculated using
The input and output power can then be calculated from 
P i t v t dt T = ∫ (5)
The efficiency is derived from (4) and (5) by 
where A c denotes the effective copper area and is calculated using c w fill
where A w and k fill denote the copper window area and the fill factor respectively. The copper window area is equal to the area enclosed by dimensions 7 and 8 listed in Table 1 , while the fill factor was chosen as 0.55.
V. RESULTS
A design optimisation was performed on a 4 spoke, 4 pole TF linear PM generator similar to the generator shown in Fig. 9 with specifications as listed in Table 2 . The cost function was defined as the total mass of the stator and the mover segments. An active power electronic load was assumed with the ability to force a sinusoidal current irrespective of the voltage waveforms. This simplified the simulation process. If a variable passive load was assumed, a more complex approach would have been necessary. Table 3 lists the output data from the optimisation process. The quarter generator results are presented for a one turn coil and the results for the complete generator are presented for 51 turns per coil and with the coils switched in series. The power and efficiency constraints were reached, but the current density and flux density were found to be particularly low. Low flux density implies that more turns are necessary to obtain a specified voltage. This again requires thicker copper conductors and to maintain a certain efficiency. The current density is therefore also lower. For this generator topology, sufficient efficiency levels can only be reached at the expense of the current density.
The optimised geometric dimensions of the 4 spoke, 4 pole TF linear PM generator are listed in Table 4 below.
The flux linkage vs. position and time for the optimised generator geometry for a coil with one winding is shown in Fig. 5 and 6 respectively. The per turn per coil voltage v λ and the emf, as well as the current through the coil are shown in Fig 7. The simulation was done with one turn per coil which occupies all the copper area. Thus, a low voltage and a high current are obtained as seen in Fig 7. Post-processing to calculate the number of turns per coil will ensure more realistic voltage and current levels.
The number of turns per coil may be determined from the obtained voltage. For example, to get a 326 V peak output voltage from the generator at full current, 81.5 V per coil is needed if the coils are switched in series, which results in 51 turns per coil. For 51 turns per coil, the peak value of the current will then be 61.04A. The calculation time for one MagNet simulation is approximately 28 minutes while the the entire optimisation process was completed in approximately 9 days 2 . To enhance the calculation time of the optimisation the six geometric parameters used in the optimisation could be reduced with preliminary design considerations. The authors however felt that this would greatly reduce the credibility of the optimisation, since a great deal of freedom was already reduced in the described process.
Core losses were first ignored. Order of magnitude calculation showed that the core losses will degrade the efficiency by approximately 1 %. To compensate for core losses not taken into consideration in the calculation of the efficiency the optimisation could be done with efficiency approximately 1 % higher than required.
An optimisation on a 4 spoke, 2 pole TF linear PM generator was also performed and it was found that the power-to-weight ratio of the 4 pole was marginally better.
VI. CONCLUSION
A 3D finite element analysis assisted optimisation strategy for a transverse flux, linear, PM generator has been implemented successfully. Geometric optimisation for a 3 kW version with the aim to maximise the power-to-weight ratio could be performed successfully.
The obtained power-to-weight ratio of the specific topology under investigation is rather poor, with an expected ratio of close to 0.1 kW/kg for a completely assembled generator. This value is close to the value quoted by Arshad [3] for this topology.
One further apparent disadvantage of the topology, with reference to the specific optimised example, is the rather large inductance combined with an emf voltage that is rather low, due to the low flux density inherent to the topology. This results in the power factor necessary at the terminals to be highly capacitive in order to reach output power capability.
One method to improve this power factor is to install a series capacitor. This is also a known method of tuning resonant free-piston Stirling engines to operate in a stable manner at different load levels.
With the generator connected to a power electronic converter to convert the single phase output to three phase in grid connected applications, a synchronous rectifier could also compensate for the poor power factor. This generator topology is however rejected as a serious candidate for Stirling engine applications. Some other transverse flux topologies already under preliminary investigation have been found to yield improved performance.
One of the main reasons for these improvements is related to better utilisation of the iron in the stator.
The work reported here however contributes to a more indepth insight into this specific topology not readily available.
2 3GHz Core 2 Duo CPU, 3GB RAM. Using MagNet 7 multi-core capability.
VII. APPENDIX A 3D representation with one quarter cut-out is also included in Fig. 9 in the Appendix section, showing a 2 pole pair variation of the topology, i.e. with two sets of magnet pairs per pole and 2 mover segments. The two movers in Fig.  9 are connected with an axis and therefore act as one body.
A 3D sectional representation with the end copper of the coils removed is shown in Fig. 10 . 
